Abstract-In this work, we report the synthesis and inclusion of rationally designed organotin compounds in polystyrene matrices as a route towards plastic scintillators capable of gamma-ray spectroscopy. Tin loading ratios of up to 15% w/w have been incorporated, resulting in photopeak energy resolution values as low as 10.9% for 662 keV gamma-rays. Scintillator constituents were selected based upon a previously reported distance-dependent quenching mechanism. Data obtained using UV-Vis and photoluminescence measurements are consistent with this phenomenon and are correlated with the steric and electronic properties of the respective organotin complexes. We also report fast scintillation decay behavior that is comparable to the quenched scintillators 0.5% trans-stilbene doped bibenzyl and the commercial plastic scintillator BC-422Q-1%. These observations are discussed in the context of practical considerations such as optical transparency, ease-of-preparation/scale-up, and total scintillator cost.
I. INTRODUCTION
G AMMA-RAY spectroscopy is an essential capability for radioactive isotope identification and is typically accomplished using inorganic scintillators or semiconductors. Recent advances have resulted in exceptional spectroscopic performance from both of these classes, yielding 662 keV energy resolution values of less than 3% for scintillators [1] , [2] and less than 1% for room temperature semiconductors [3] . However, high detector costs and low production yields remain as two significant shortcomings that prohibit their replacement of NaI(Tl) scintillators in large-scale applications. Organic-based plastic and liquid scintillators loaded with high-atomic number elements have been proposed and extensively investigated as an alternate paradigm for NaI(Tl) replacement, owing to their very low cost and ability to scale to very large sizes [4] - [13] . For example,1-10% lead-loaded plastic scintillators are commercially available, although prior work has shown that there are several significant limitations that preclude their usefulness Manuscript received May 12, 2015 ; revised October 08, 2015; accepted December 09, 2015. Date of current version February 16, 2016 . This work was supported by the Department of Homeland Security-Domestic Nuclear Detection Office (DHS-DNDO) under Contract HSHQDC-13-XB0006-0. Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the National Nuclear Security Administration under Contract DE-AC04-94AL85000.
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for gamma-ray spectroscopy: (1) major reduction in the scintillation light yield as the heavy-atom additive concentration is increased, (2) limited solubility and light transmission properties of the heavy-atom additives, and (3) unexpectedly poor photopeak sensitivity and energy resolution values for energies above 100 keV [4] , [5] , [8] , [12] , [14] . These attributes are the consequence of relativistic heavy-atom quenching effects and strong absorptive losses from the metal complex [4] , [5] , [14] , [15] . Rupert et al. have addressed the latter limitation through the cooperative use of an iridium compound and organometallic bismuth complex [9] . The authors showed that it was possible to recover much of the scintillation light yield and achieve a calculated 6.8% energy resolution at 662 keV via deconvolution fitting of the Cs pulse-height spectrum. While this energy resolution value is better than the materials reported in the present work, such materials are costly due to moderate iridium loading requirements and the use of a non-standard polymer. Subsequent work by Bertrand et al. and Cherepy et al. reported reduced spectroscopic performance for Bismuth-containing scintillators based upon the standard polymers polystyrene and polyvinyltoluene, respectively (Table I) [4] , [14] . Very recently, van Loef et al. reported a novel lead-loaded polyvinyltoluene scintillator that exhibits both neutron/gamma pulse-shape discrimination and a 16% energy resolution at 662 keV [16] . From this perspective, we report here complementary insights towards the goal of low-cost, readily scalable, and modest performing spectroscopic plastic scintillator compositions based upon standard polymer and fluorophore components.
The strategy employed in the present work involves the rational design of organometallic additives that take into account optical losses due to non-radiative absorption [5] and intersystem crossing (ISC) via the heavy-atom effect [17] , [18] . These considerations were identified as the most likely causes for the unsatisfactory performance of previously reported metal-loaded plastic scintillators. Minimization of losses due to optical self-absorption was achieved through de-coupling of the light-absorbing groups on the organometallic additive via aliphatic spacers. The latter consideration, ISC, has been shown to reduce the light yield due to enhanced conversion into non-radiative states [5] , [15] , [17] - [20] . This effect was first minimized through careful selection of the metal atom, as ISC is known to be more significant for heavier atoms [5] . The spin-orbital (S-O) coupling matrix element describes the magnitude of ISC, and increases roughly as the square of the atomic number for isostructural Group 14 compounds a suitable choice due to sufficient atomic density for increased gamma-ray sensitivity and S-O interactions that are modest relative to the magnitude of spin-spin interactions. This strategy is not in itself new, as tin has been previously incorporated in liquid and organic scintillator matrices and is a component of the commercial plastic scintillator composition NE-140 [10] , [12] , [13] . Instead, the novel aspect of the present work takes into account a phenomenon known as distance-dependent quenching (DDQ), which has been studied and understood in the field of fluorescence spectroscopy [21] , [23] , [24] . DDQ describes the extent of fluorescence quenching as a function of the distance-dependence of dipolar and electronic overlap interactions between fluorophore compounds and quencher atoms. This is summarized in Fig. 1 , which compares the distance-dependence of radiative energy transfer from host matrix to fluorophore and non-radiative heavy atom quenching, respectively [24] . From this plot, it is apparent that radiative energy transfer, also known as Förster Resonant Energy Transfer (FRET) is a longer-range process that remains operative at separation distances of several tens of angstroms. In the case of highly-loaded scintillators, the metal-containing additive may serve to spatially separate the donor and acceptor groups for FRET. (exponential distance-dependence) that weakens significantly at quencher-fluorophore separation distances of greater than [23] . Based on these considerations, we have targeted tin-containing compounds in which the steric environment enforces a fluorophore-quencher separation distance of more than but less than (Fig. 1) . While a full understanding of the relationship between DDQ and scintillation quenching has not Fig. 1 . Plot of the distance-dependence of heavy-atom quenching (red) and radiative energy transfer (blue) as a function of the separation between fluorescent donor and acceptor species. The dotted line represents the fluorophore-quencher distance above which the relative efficiency of heavy atom quenching is expected to be zero. Figure adapted from ref. [21] .
yet been obtained, we report here initial progress based on this premise.
Organometallic tin compounds present a flexible platform from which to tune the steric and electronic properties of the additive to meet the constraints described above. A representative subset of these compounds is shown in Fig. 2 . Target compounds were identified based upon several selection criteria that include solubility/miscibility, molecular size, ease of synthesis, and electronic properties. Solubility/miscibility was conferred by either employing aromatic moieties for simple dissolution in the matrix, or incorporation of polymerizable ligand groups for co-polymerization with styrene. Molecular size was simply controlled by the steric properties of the selected ligand groups, whereas the electronic properties were modified by changing the distance between aromatic groups and the tin metal center. Additional details associated with each of these considerations are provided in the discussion sections below.
II. EXPERIMENTAL

A. Materials
All reagents were obtained from Sigma-Aldrich, Broadpharm, or TCI America in their highest available purity. 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole ('butyl-PBD') was used as received. Styrene monomer was purified by passing through a column of basic alumina. Organometallic compounds were prepared via nucleophilic addition reactions between the respective organomagnesium halide Grignard reagents and tin(IV) chloride, or through condensation reactions between methacrylic acid (MA) and the appropriate organotin oxide or hydroxide precursor. Grignard reaction products were purified on a column of silica gel, whereas organotin methacrylate products were readily purified by recrystallization at reduced temperatures from hexanes. The purity of all synthesized organotin compounds was verified by H and Sn NMR. Scintillators were prepared via free-radical polymerization of styrene and styrene/Bu Sn MA co-polymers at temperatures of C with added 2,2'-azobisisobutyronitrile (AIBN). Analogous vinyltoluene compositions were also prepared, although styrene was ultimately selected due to its comparable scintillation properties, lower cost and increased mechanical hardness. The polymerization conditions were optimized to yield the highest degree of optical transparency. Typical sample sizes were 5 or 10 mL measured using a volumetric flask. Samples were polymerized in silanized glass vials and polished using a diamond-tipped lathe. 
B. Measurements
Steady-state photoluminescence (PL) spectra were obtained using a Horiba Jobin-Yvon Fluorolog FL3-21 fluorometer. UV-Vis absorption measurements were collected using a Shimadzu UV-3600 Plus spectrophotometer for dilute organotin solutions in hexane. Diffusion Ordered Nuclear Magnetic Resonance Spectroscopy (DOSY-NMR) measurements were performed on a Bruker Advance III 500 under standard pulse field gradient conditions. A bipolar stimulated echo was used for all experiments at a temperature of 298 K. Pulse-height spectra were obtained using a Hamamatsu R2059 PMT operated at V. Samples were wrapped in Teflon tape and coupled to the PMT face using polydimethylsiloxane optical grease prior to measurement. Pulses were digitized using a 12-bit LeCroy HRO66Zi oscilloscope. The waveforms were integrated in real-time over an interval of 100 ns and histogrammed to yield the spectra shown in Figs. 4 and 5. Energy resolution values were derived from Gaussian fits made to the measured photopeaks and defined as the FWHM divided by the peak position. Scintillation timing distributions were obtained by the method of time-correlated single-photon counting using a Hamamatsu H6610 PMT as the well-coupled start pulse and a Hamamatsu R7207-01 PMT as the single-photon stop pulse. The time delays between pulses were histogrammed to provide the data shown in Fig. 7 .
III. RESULTS AND DISCUSSION
A. UV-Vis Spectroscopy
The energy resolution of a scintillator is dependent upon several factors, which includes the light output and light collection efficiency. [25] These properties are intrinsically associated with the absorption and emission properties of the material, i.e. self-absorption is detrimental to the energy resolution. To quantify the extent of absorptive losses, UV-Vis absorption spectra were collected for several organometallic tin compounds and Am (top), Cs (middle), and Na (bottom) scintillation pulseheight spectra for composition . The colored lines represent Gaussian fits to the respective photopeaks. The y-axis of the bottom figure is plotted on a logarithmic scale to highlight the photopeak at 1274 keV.
compared to reference triphenylbismuth (1) and tetraphenyltin (2) complexes used in earlier work. [4] , [9] These results are summarized in Fig. 3 . The data indicate that there are absorption transitions introduced through interaction of the aromatic groups and the metal atoms, hereafter referred to as metal-ligand (M-L) interactions. These M-L absorptions are directly associated with light-yield losses following photoexcitation or scin- Cs pulse-height spectrum comparing the results obtained for composition and a 6.3% Bismuth-loaded polystyrene scintillator reported in Ref. [4] . The energies have been calibrated with reference to the 662 keV photopeak in the black spectrum. tillation, as confirmed by emission quantum yields near zero. Of the tested compounds, the strongest M-L absorptions were observed in compounds 1 (Ph Bi) and 2 (Phn Sn), in which the phenyl group is directly bound to the metal. Successively weaker M-L absorptions were observed as non-aromatic spacer groups were inserted between the organic absorber and metal atom in compounds 3-5. In fact, absorption properties similar to that of pure toluene were observed for a spacer length of three methylene groups in compound 5, which indicates virtually no M-L interaction. A similar result was obtained for the non-aromatic metal compounds 7-9, which are non-absorptive in the expanded wavelength range of 210-375 nm. These findings suggest that the best candidates for scintillator additives are the optically 'inert' compounds 5, 7, 8, 9a, and 9b.
B. Solubility/Miscibility
Segregation of immiscible phases in loaded plastic scintillators commonly results in opacity, which is problematic for light collection in scintillators of practical size. To address this potential issue, aromatic moieties were employed on the organic ligands to increase the solubility/miscibility in the polystyrene host matrix. Organotin compounds 2-5 were found to all exhibit high fractional solubility/miscibility in polystyrene, although one limitation to this approach is a reduced molar concentration of tin at a given mass fraction of compound. For example, transparent scintillators could be produced for organotin compound loading ratios of up to 40% w/w, which corresponds to 11.1% Sn for 3 yet only 4.3% Sn for 5. An additional consequence of high loading ratios is that the organotin additive may serve as a plasticizer, leading to reduced scintillator hardness at higher loading ratios. This was found to be a significant issue for compounds 3 and 5 near their solubility/miscibility limits, which led to soft samples that were difficult to machine and polish.
In response to these considerations, we considered the use of non-aromatic organotin compounds to increase the fractional mass of tin atoms. Scintillators with up to 9% w/w Sn was achievable for Me Sn (7), whereas Et Sn (8) led to maximum loadings of up to 8% w/w Sn. Both compounds were also found to plasticize polystyrene, which led to rubbery/elastic physical properties at higher loading ratios. The larger compound Bu Sn (9a) was found to be insoluble in polystyrene, which prevented more detailed studies on the systematic effects of aliphatic ligand length.
A significant advance that addressed this phase stability problem was the synthesis and incorporation of tributyltin methacrylate, Bu Sn MA (9b), which retains the favorable steric properties of Bu Sn but incorporates a methacrylate ligand group that can be co-polymerized with the polystyrene matrix. As such, we were able to produce transparent scintillator samples loaded with up to 32% w/w tin via Bu Sn MA . However, mechanically rigid samples could only be obtained for tin concentrations of 15% w/w or less when delivered using this compound.
C. Steric Properties and Distance-Dependent Quenching
Diffusion measurements were made using the synthesized organometallic compounds to quantify the effective molecular sizes within the framework of Distance-Dependent Quenching (DDQ). This was achieved using Diffusion Ordered Spectroscopy (DOSY), which measures the diffusion rate of the compound when dissolved in an inert solvent (1) where is the self-diffusion coefficient, is the solvent viscosity, and is the hydrodynamic ratio [26] . The molecular size may then be extracted from the diffusion rate by calculating the inverse ratio against a known reference material. The results from this analysis are summarized in Table III , which is organized according to aromatic and aliphatic categories. As expected, the molecular radius of even the smallest aromatic compound (2) is greater than , which is within the target range for minimal heavy-atom quenching. The largest compound (5) possesses a molecular radius of , which leads to complete suppression of heavy-atom quenching according to Fig. 1 . Photoluminescence and scintillation measurements for a 4% tin-loading via 5 (sample A) confirm this expectation, as reflected in a 96% fluorescence quantum yield and scintillation light yield that was 94% that of an EJ-200 reference sample. Similar behavior was not observed for compounds 2-4, which exhibit low scintillation and quantum yields. In those examples, light-yield quenching is primarily associated with optical losses from M-L absorptions.
Diffusion measurements on the aliphatic compounds 7-9 indicate less favorable steric properties, for which the largest aliphatic compound 9a possesses a measured molecular radius of . This experimentally-derived value is less than the calculated radius of , which has significant implications for the extent of heavy-atom quenching. According to Fig. 1 , is on the steep part of the quenching curve, whereas is on the tapering portion of the curve. The former value is expected to lead to relative heavy-atom quenching interactions of approximately 50%. Scintillation measurements on the 6% tin-loaded sample E (via compound 9b) indicate that light-yield quenching is still present but reduced in magnitude relative to analogous samples produced using less sterically bulky tin compounds. The Cs scintillation pulse-height spectrum for sample reveals a light yield that is 67% that of the tin-free reference scintillator EJ-200. Table IV summarizes the relative scintillation light yields obtained for Bu Sn MA -based samples B-H, which correspond to tin concentrations of 3-15% w/w. The observed reductions in light yield for these scintillators is consistent with the heavy-atom effect due to the non-absorptive nature of compound 9b between 210-375 nm. These findings are in contrast to the results obtained for the aromatic compounds 2-4, which possess reduced heavy-atom quenching but significant losses due to absorption. The above results emphasize the importance of considering both the steric and electronic properties when selecting the organometallic additive.
An additional consideration that may contribute to the observed light-yield reduction in samples B-H is the presence of non-aromatic and carbonyl oxygen ligands on Bu Sn MA , which may serve to dilute the aromatic content of the scintillator or quench the luminescence through non-radiative transitions [28] , [29] . Control samples (not shown) prepared with a comparable amount of MMA in place of Bu Sn MA revealed that this effect is small compared to the heavy-atom quenching effect of tin.
D. Scintillation Properties
Scintillation measurements were performed on 1" diameter 0.5" thick cylinders of scintillator samples A-H, whose compositions are outlined in Table IV . Sample A was prepared using the bulky aromatic tin compound Ph pr Sn (5), which was earlier found to exhibit no fluorescence quenching due to self-absorption or the heavy atom effect. Scintillation results were generally consistent with this behavior, as reflected by a 662 keV energy resolution of 11.0%. Unfortunately, all samples of composition A were soft, likely due to a plasticizing effect of Ph pr Sn (5) . Changes in the light yield and energy resolution were also observed for sample A after an interval of 2 weeks, which we attribute to transient diffusion of the plasticizer within the polymer matrix.
In response to these limitations, compositions B-H were prepared, based on the co-polymerizable organotin compound Bu Sn MA . Although tin loadings of 32% w/w could be obtained, concentrations of up to 15% are the subject of this study due to degraded mechanical properties and reduced light yields at higher tin concentrations (Table IV) .
A suitable compromise between tin loading ratio and scintillation light yield was found at a tin concentration of 6% w/w (sample ). This conclusion was made based on MCNP simulations (see below), which predict a 6% tin-loaded plastic would yield approximately 15% the 662 keV photopeak sensitivity as an equivalent volume of NaI(Tl). Corresponding scintillation pulse-height spectra for sample are provided in Fig. 4 , which highlight the presence of photopeaks in the range of 13.9-1274 keV. Resolution of the 13.9 keV peak in the Am spectrum establishes the minimum detectable energy for this particular scintillator composition and light yield (6700 photons/MeV). As expected, the energy resolution values and relative photopeak sensitivities were both found to decrease at higher gamma-ray energies. These behaviors are summarized in Tables I and II , respectively. A significant observation evident from the data in Table II is that 6% tin-loaded sample was found to exhibit greater photopeak sensitivity across all tested energies than either EJ-256 (5% Pb) or a 6.3% bismuth-loaded plastic reported in Ref. [4] . The data shown in Fig. 5 highlights this point by comparing the Cs pulse-height spectra for and the 6.3% bismuth loaded scintillator from Ref. [4] . The absence of any noticeable photopeak for the bismuth-containing scintillator is noteworthy despite its greater density and average atomic number than . Another key observation from the data in this plot relates to the shape of the respective pulse-height spectra, which shows a greater weighting of counts in the lower energy region of the spectrum for the bismuth-containing example. It is also relevant to note that the photopeak observed for composition is spectrally broadened by unresolved tin escape X-rays, which are not compensated for in the energy resolution values provided in Table I .
The relative light yields as a function of gamma-ray energy are provided in Fig. 6 to provide a preliminary assessment of the light-yield proportionality of sample . Comparable data are provided in this plot for three different reference materials, comprising anthracene single crystal, BC-501A liquid scintillator, and BGO [27] . The results indicate that the light-yield proportionality for composition is intermediate between inorganic BGO and the two purely organic scintillators.
E. Scintillation Timing Measurements
Scintillation timing measurements were collected to assess the decay kinetics for the synthesized tin-loaded plastic scintillators. Plastic scintillators generally possess much faster decay kinetics than inorganic scintillators, which is advantageous for high-rate applications [30] - [32] . Fig. 7 provides the obtained scintillation timing distributions obtained for sample in comparison to two known organic scintillators used for high-rate and high timing resolution applications, 0.5% trans-stilbene doped bibenzyl crystal [30] , [31] and 1% benzophenone doped plastic scintillator (BC-422Q) [32] . Inspection of Fig. 7 reveals that the doped bibenzyl crystal decays the fastest, followed by sample and the 1% benzophenone plastic. A very significant Cs scintillation timing distributions obtained for sample and two reference scintillators used for high-rate detection. The 0.5% trans-stilbene doped bibenzyl data (black) were digitized from Ref. [30] . The 1% benzophenone composition is analogous to BC-422Q-1%. consideration not conveyed by the data in this plot are the relative light yields of these materials. For example, the light yield for 1% benzophenone plastic (BC-422Q-1%) is approximately 1700 photons/MeV, which compares with 6700 photons/MeV for sample E. A published scintillation light yield could not be found in the literature for pure or 0.5% trans-stilbene doped bibenzyl, although pure bibenzyl is known to have a low fluorescence quantum yield that is comparable to that of toluene ( ) [33] . For comparison, sample and BC-422Q-1% possess respective fluorescence quantum yields of 0.83 and 0.22 when excited at the excitation maxima of their PS/PVT matrices.
F. MCNP Simulations
MCNP5 simulations were performed to determine the gamma-ray response of (DNDO #120) and to validate Fig. 10 . Comparison of the measured and simulated pulse-height spectra for DNDO #120 using Na-22 (top) and Cs-137 (bottom) sources.
spectral features observed in measured pulse height spectrum. The MCNP5 input card had measurement setup components that included the sample constituent elements, the sample density, the PMT used in the measurement, and the surrounding environment. Gamma and X-ray energies from isotropic Na, Cs, and Am sources were sampled to simulate the respective radionuclide energy spectra detected in the simulated sample. Coupled photon-electron transport was made to assess energy deposited within the simulated sample. Energy deposited was smeared using measured energy resolution data to produce pulse height spectra for the respective radionuclides. Fig. 10 shows the simulated and the measured spectra. Measured and simulated spectra were count and gain normalized for comparison. As it can be seen in the figure, the spectra reasonably agree and have similar features. The observed differences between the spectra were negligible and were consistent with Poisson statistics. 7 Simulated intrinsic peak efficiencies for the DNDO #120 sample (6 wt.% Sn) using selected gamma-ray energies are shown in Fig. 11 . Also shown in the figure are EJ-200 simulated intrinsic peak efficiencies for respective energies. Peak efficiencies reported herein are dependent only on the volume and composition of the simulated samples. DNDO #120 efficiency data included Sn X-ray escape peaks that are folded in the full energy peaks. It is obvious from the data that DNDO #120 (composition ) has an advantage over EJ-200 by a factor of .
G. Estimated Cost
A significant factor that motivates the development of metal-loaded plastic scintillators is cost. For this reason, the above organotin compounds were selected based upon the cost of precursor materials and ease-of-synthesis. For example, the compound Bu Sn MA is readily prepared in high yield from the condensation reaction between bis(tributyltin) oxide and methacrylic acid. This condensation reaction involves simply mixing the two reagents in hexanes, followed by washing with water and removal of the remaining solvent under reduced pressure. The precursor materials for this synthesis are readily available in large quantities and can be purchased for $230/kg and $24/kg, respectively. This straightforward reaction and purification is expected to add minimal costs to the preparation of Bu Sn MA , although an exact figure is difficult to determine due to differences in scale and labor costs. Alternatively, Bu Sn MA may be purchased directly from several different chemical manufacturers at a price of kg for 1-5 kg quantities.
Combining the above costs with the cost of styrene ($17/kg) and butyl-PBD fluorophore ($4/g), one may estimate a total materials cost of $95/kg for a tin loading ratio of 6% w/w (i.e. composition ). An upper estimate of $270/kg is expected for a 6% Sn-loaded scintillator based upon direct purchase of the purified Bu Sn MA compound from a commercial vendor. For reference, a cube of this plastic scintillator has a mass of roughly one kilogram. The estimated prices above refer to non-bulk quantities, so actual costs may be significantly less. It is also important to mention that this materials estimate does not include scintillator preparation costs, which is the major contributor to the high cost and low yield of inorganic scintillators and semiconductors, for example. In this case, thermal polymerization conditions directly analogous to those of traditional plastic scintillators leads us to believe there will not be any additional costs or significant complexities associated with scale-up, although a full analysis to this end has not yet been performed.
IV. CONCLUSION
Several new metal-loaded plastic scintillators have been reported in this work, comprising sterically and electronically isolated organotin additive complexes. Distance-dependent quenching relationships have been used as design criteria for the selection and synthesis of these organometallic additives, resulting in increased light yields and improved gamma-ray energy resolution values relative to previously reported PS/PVT-based scintillators. Fast scintillation decay properties have also been characterized in the prepared scintillators, rivaling the kinetics of stilbene-doped bibenzyl and BC-422Q-1% while providing higher light yields than these reference materials.
While the expected distance-dependent quenching relationships are consistent with the obtained photoluminescence and scintillation data, it is important to note that systematic studies are required to fully understand the interplay between steric structure and the different contributions to scintillation lightyield quenching. The present work indicates there is further room for improvement in future metal-loaded plastic scintillators with respect to increased photoelectric sensitivity and the incorporation of quench-resistant organometallic additives.
